INTRODUCTION
Oil-in-water O/W emulsions, in which triacylglycerol droplets are dispersed in water, have widespread applications. For example, Wang et al. prepared an O/W nanoemulsion containing curcumin and a medium-chain fatty acid triacylglycerol with potential uses in food products 1 .
Miller Some sucrose fatty acid esters were found to be suitable for stabilizing the interface between triacylglycerols and the aqueous phase. For example, Hsiao-Wei et al. obtained a stable O/W emulsion by adding a sucrose fatty acid ester to olive oil 4 . Ariyaprakai et al. found that the particle size distribution of oil droplets was constant despite them being freeze-thawed when a sucrose fatty acid ester was added to the coconut oil phase in an O/W emulsion 5 . Garti et al.
prepared several microemulsion systems stabilized with caprylic/capric acid glycerol and sucrose fatty acid esters 6 .
Adding oil and fats to emulsions changes the stability of the emulsion systems significantly. For example, emulsions can be stabilized through the addition of cetyl alcohol/ stearyl alcohol mixtures 7 or ethylene glycol dodecyl ether as a co-surfactant 8 . The stability of the mixed state depends on the oil composition, with the emulsion droplets being stabilized by the lamellar liquid crystalline phase in a three-phase region if octanol or decanol is added to the ternary system 9, 10 .
In this study, we focused on fatty acids acting as co-stabilizers of triacylglycerol droplets because the viscous interfacial film can suppress the coalescence of oil droplets 11, 12 .
Therefore, the stability of the O/W emulsion, in which a triolein/fatty acid mixture was dispersed in water, was systematically analyzed. In order to clarify the influence of the hydrophilic-lipophilic balance HLB on the sucrose fatty acid esters, the effects alkyl chain length and degree of unsaturation of the fatty acid on the stability of the emulsion were evaluated by visual and microscopic observations. Triolein is a naturally occurring triglyceride and a major component of olive oil, palm oil, and peanut oil 13 15 . In designing products based on emulsions, fatty acids are often added as co-emulsifiers to emulsions stabilized with nonionic surfactants. However, there are few reports on the influence of fatty acid molecules on the phase behavior of emulsion systems. The findings of the present study will therefore be useful in designing formulations for food or cosmetic products. were provided by Mitsubishi Chemical Foods Co., Ltd. Tokyo, Japan . Water was purified using a Demi-Ace Model DX-15 demineralizer Kurita Water Industries Ltd., Tokyo, Japan .
Emulsion preparation
The oil phase triolein 0.95 g and fatty acid 0.05 g was divided into 5 separate portions and each of these was added to the water phase sucrose fatty acid ester 0.20 g and water 3.80 g consecutively. Following each addition, the mixture was mixed vigorously with a vortex mixer Vortex-genie 2, Scientific Industries Co., New York, USA for 3 min. Furthermore, the final mixture was mixed for 10 min using a planetary centrifugal mixer Mazeki C-30/ C-30P, Axis Corporation, Tokyo, Japan at 1430 rpm under reduced pressure 0.10 MPa to pulverize the oil droplets. The obtained emulsion was then preserved in an incubator A5501 AS ONE Co., Osaka, Japan at 30 . Each emulsion was prepared three times to ensure reproducibility.
Emulsion state and stability evaluation
Images of the emulsions were obtained using an XTP-11 polarized light microscope Nikon Corporation, Tokyo, Japan . The particle size distribution of the emulsion was measured using a Microtrac Light-Scattering Particle Size Analyzer HRA 9320-X100 Nikkiso Co., LTD., Tokyo, Japan . The refractive index of the emulsion was assumed to be 1.47 in order to calculate the particle size 16 . To determine the continuous phase of the emulsion, the conductivity was evaluated using a Multi-tester CX-270N Custom Corp., Tokyo Japan with the distance between the electrodes set to approximately 5 mm. The pH was measured using a Horiba Twin pH meter AS-211 AS ONE Co., Osaka, Japan . The stability of the emulsions was analyzed every day over a period of 30 days. In this study, O and W denote oil phase and water phase, respectively. The notation O/W denotes an emulsion phase.
Oil-water interfacial tension evaluation
The oil-water interfacial tension γ 0/W was measured at 25 using a Drop Master 501 apparatus Kyowa Interface Science Co., Ltd., Saitama, Japan and by applying the pendant drop method. A fitting analysis was performed based on the Young-Laplace equation. The difference between the specific gravities of the oil and water phases was approximated to 0.09 16 . Figures 1 and 2 a show images of the emulsions stabilized by sucrose fatty acid ester or sucrose fatty acid ester/ fatty acid mixture at 30 days after preparation visual and microscopic, respectively . The O/W emulsions in which oil droplets were dispersed in the water phase regardless of Addition of fatty acid resulted in the pH of the emulsions ranging from 5 to 7 Fig. 3 a . Most fatty acid molecules were shown to have acidic character due to the pH of each emulsion being lower than the pK a of the corresponding fatty acid 17, 18 . The interfacial tensions between the oil and water phases for the various systems are shown in Fig. 3 b . The interfacial tension γ 0/W was 6-8 mN m 1 for all systems and no drastic change was observed when fatty acid was added to the system. Since all emulsions showed significant conductivities, they were identified as O/W emulsions. Figure 4 shows a phase diagram of a ternary system comprising triolein, water, and sucrose fatty acid ester at 0, 7 and 30 days after preparation. When the HLB of the sucrose fatty acid ester was 5-16, no separation of the aqueous phase by creaming was observed in the emulsion systems. When the HLB was 3, the sucrose fatty acid ester was precipitated in the aqueous phase, as shown in Fig. 4 a . When the fatty acid was added to the ternary system, no significant change was observed in the mixed state immediately after preparation; in fact, an O/W emulsion was obtained in all cases when the oil phase contained 1 wt of saturated fatty acids C8:0 to C18:0 fatty acids and unsaturated fatty acids C18:1 fatty acids . This tendency was common in all ternary systems consisting of sucrose fatty acid esters with a HLB 5-16.
RESULTS
As mentioned previously, the addition of specific fatty acids influences the stability of the emulsion. Figure 1 b shows the appearance of the O/W emulsion stabilized with the sucrose fatty acid ester having an HLB 16 and C8:0 fatty acid 30 days after preparation. A translucent layer separated out below the white O/W emulsion phase. This separation was caused by the creaming of oil droplets with large diameters. A similar creaming phenomenon was also observed when the emulsion contained other fatty acids. Figure 4 b is a phase diagram of the ternary system containing fatty acid and triolein /water/sucrose fatty acid ester 7 days after preparation. When the emulsion con- tained sucrose fatty acid esters with HLB 16, creaming was observed for fatty-acid-free O/W emulsions and O/W emulsions containing C8:0 or C10:0 fatty acids. In addition, when the emulsion contained C18:1 fatty acid, creaming was observed for the sucrose fatty acid ester with an HLB 11. Figure 5 shows the median diameter of particles within emulsions stabilized with sucrose fatty acid esters with HLB 5 or HLB 16. When the HLB was 5, the particle size of the emulsion containing C8:0, C10:0, C12:0, C14:0, C16:0, C18:0 and C18:1 fatty acids ranged from 3 to 4 μm. However, when the HLB was 16, the particle size of the emulsion was slightly larger -ranging from 4 to 8 μm. Furthermore, when HLB 5 the particle diameter was smaller than the particle size in the case of an emulsion formed from sucrose fatty acid esters with a HLB 16. When the HLB was 16 and alkyl chain length 8-12, the particle size of the emulsion droplet decreased with increasing alkyl chain length. When a C14:0 or C16:0 fatty acid was added, the droplet size was smaller than that of emulsions containing only the sucrose fatty acid ester. In the case of sucrose fatty acid esters with HLB 5, the particle size decreases with an increase in alkyl chain length of the fatty acid, and the particle size is the smallest when C14:0 fatty acid was added. One final observation: the particle size of the emulsion containing unsaturated fatty acid was approximately constant, regardless of the difference in HLB. 30 days after preparation, the area of creaming expanded in the state diagram of Fig. 4 c . Creaming was observed not only in the fatty-acid-free emulsions but also in the ternary systems containing sucrose fatty acid esters HLB 11 or 16 and C8:0 to C12:0 fatty acids. On the other hand, an emulsion containing C18:1 fatty acid caused creaming when the HLB was 7-16. This instability was likely caused by the presence of unsaturated alkyl chains as no creaming was observed for emulsions containing C18:0 fatty acids. Figure 5 shows the temporal change of the median diameter of the emulsion droplets containing sucrose fatty acid ester with a HLB 5 or HLB 16 for 30 days. When saturated fatty acids each with alkyl chains consisting of more than 12 carbons were added to the emulsion, the median diameter of the particles in the emulsion did not change over 30 days. However, when C8:0 fatty acid was added to the emulsion, the median diameter of the particles increased from 4 8 μm to 18 23 μm in the case of HLB 5 16 . These results suggest that coalescence can occur only when fatty acids with medium alkyl chains are added to the emulsion system.
The amount of translucent water that separated out and formed a distinct phase increased with time. The temporal profiles of the separated water phase volumes are shown in Fig. 6 . The creaming rate was slow with C14:0 longer alkyl chain length-containing fatty acids or when the HLB of the sucrose fatty acid ester was smaller. For example, when the emulsion contained the sucrose fatty acid ester with a HLB 11, creaming was observed for the fatty-acid-free emulsion and the emulsions containing C8:0, C10:0, or C18:1 fatty acids at 30 days after preparation. At that time, the amounts of the separated water phases were 13 12 vol , 23 7 vol , 21 1 vol , and 28 9 vol , respectively. On the other hand, when the HLB of the sucrose fatty acid ester was 16, the water phase separated out from the fatty-acid-free emulsion and the emulsions containing C8:0, C10:0, C12:0, or C18:1 fatty acids 30 days after preparation. The volumes of the separated phases were 30 7 vol , 56 13 vol , 38 4 vol , 16 14 vol , and 10 9 vol , respectively.
DISCUSSION
In this section, the reasons for the changes in stability of the emulsions due to the HLB of sucrose fatty acid esters are discussed. From the systematic evaluation detailed in the previous section, it was found that the sucrose fatty acid esters with HLB 5-7 were suitable for enabling triolein to remain dispersed in water. Creaming was only observed when the HLB was higher than seven and the surfactant did not completely dissolve in the water phase when the HLB was lower than five. These findings were consistent with previous results in which the HLB of the triacylglycerols needed to be 5-10 19 21 . Figure 5 shows that the minimum particle diameter was obtained when the HLB was five. If the surfactant had the required HLB of triolein, creaming did not occur because such a surfactant was adsorbed at the O/W interfaces effectively and could therefore stabilize the fine oil droplets. The length of the alkyl chains within the fatty acids were also able to influence the stability of the emulsions. Firstly, creaming could not be avoided, regardless of the length of the alkyl chain in the fatty acid added to the oil phase of the emulsion i.e., including fatty acids with alkyl chain lengths C8:0 to 12:0 . However, the emulsion was stable for more than 30 days when C14:0 to 18:0 fatty acids had been added. pH tests showed that the added fatty acid molecules were undissociated in the acid form, which also meant that they possessed a low surface activity. As shown in Fig. 3 b , the addition of fatty acid has little effect on the interfacial tension within the triolein/water emulsion. This suggests that most fatty acid molecules are soluble in triolein 17, 18 .
However, only a portion of the fatty acids were adsorbed onto the O/W interface, which meant that the interface membrane was harder and coalescence was more difficult. Fatty acids with a medium-size alkyl chain did not prevent coalescence and creaming because their presence did not cause significant hardening of the interface, even if they were adsorbed at the interface itself. Finally, the rigidity of the interfacial film in the emulsion systems was analyzed. Since the fatty acid composition was only 1 wt in the oil phase, the addition of fatty acids did not cause a significant change in the required HLB. It was assumed that the sucrose fatty acid ester/fatty acid mixed membrane formed by adsorption of some fatty acid molecules to the O/W interface changed the emulsion stability. Surfactant molecules with long alkyl chains such as C14:0-18:0 fatty acids were able to form a thick viscoelastic interface film 12, 22 . The phase transitions undergone by the fatty acid monolayer are accompanied by strong changes in the surface viscosity 23 . The transition from the L 2 phase to the L 2 is evidenced by a discontinuous increase in the surface viscosity and a remarkable change in the local molecular dynamics as the alkyl chains of the fatty acids respond to hydrodynamic stresses. Since the rigid interface films prevent coalescence of the emulsion, the state in which the droplets are dispersed is stabilized. On the other hand, C8:0-12:0 fatty acids with a medium alkyl chain and C18:1 fatty acids with an unsaturated site did not make the interface membrane rigid, which sometimes resulted in a softening of the interface membrane; the addition of such fatty acids was therefore not able to stabilize the emulsion.
CONCLUSIONS
Sucrose fatty acid esters with HLBs ranging from 5-7 are suitable for obtaining O/W emulsions that disperse triglyceride droplets in water. Furthermore, when the oil phase is added to straight-chain saturated fatty acids with alkyl chain lengths of 14 or more, creaming was inhibited for more than 30 days. We further speculate that the emulsion can be stabilized by the addition of the fatty acids because rigid interface films prevent coalescence and creaming. It is worth noting that the fats and surfactants used in this study can be incorporated into cosmetics and foods.
